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Tarim CratonDunhuang Block is previously considered to be an eastern part of the Tarim Craton, but now it is proposed to
be the western extension of the Alxa Block of the NCC as a result of displacement along the Altyn Tagh fault.
The oldest basement rocks of the Dunhuang Block, named Aketashitage Complex, were mainly exposed in the
northern Altyn Tagh. Migmatites of the Aketashitage Complex are sodic and subalkaline in composition. Zircon
U–Pb dating of the tonalitic and monzogranitic migmatites indicates that these rocks were produced by strong
deformation of earlier formed tonalites with innumerous granitic veins. The tonalitic melanosome of the
migmatites was generated approximately at 2.7–2.8 Ga, whereas the granitic leucosome was likely produced
by partial melting of the earlier tonalitic melanosome at 2.51–2.53 Ga. Zircon SHRIMP U–Pb dating of
metadiorites exposed in the Aketashitage Complex yielded a crystallization age of 2498 ± 10 Ma. The
metadiorites are characterized by high Sr and Sr/Y and low Y, but their low SiO2 and high Cr, Co, and Ni indicate
similar geochemical characters of modern low-Si adakites. Their high MgO, Cr, Co, Ni, and Mg# and high εHf(t)
suggest that the metadiorites were probably produced by partial melting of slab-melt metasomatized mantle
peridotites. In combination with previously published age data, it is concluded that the orthogneisses in
the Aketashitage Complex were generated during three periods, namely at 2.83, 2.71–2.77 and 2.50–2.57 Ga.
Except for the metamorphic rims, zircons from the Aketashitage tonalitic and monzogranitic orthogneisses
have TDMc model ages ranging from3.1 Ga to 3.5 Ga and suggest that their formation involved partly the recycling
of Paleoarchean toMesoarchean crust. The younger TDM
c model ages of 2.7–2.9 for themetadioritic rocks suggest
another period of formation of juvenile crust in the Neoarchean. The similarity of crustal formation and growth
between the Dunhuang Block and the northern Tarim Craton therefore suggest that the Dunhuang Block had
become a part of the Tarim Craton in the late Neoarchean. The lack of Eoarchean crust and different patterns of
Hf model ages suggest that the Dunhuang Block is not a western extension of the Alxa Block of the NCC.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Neoarchean is a pivotal time for the formation of continental crust in
the world (Hawkesworth and Kemp, 2006; Kemp et al., 2006; Taylor
and McLennan, 1995). The Precambrian continental crust of China is
mainly exposed in three cratons, namely the North China Craton
(NCC), Yangtze Craton (YC) and Tarim Craton (TC) (e.g., Lu et al.,
2008a; Zhai et al., 2000, 2005; Zhao et al., 2002, 2005). Considerabletope Geochemistry, Guangzhou
s, Guangzhou 510640, China.researches on basement rocks of the NCC have indicated that: (1)
early crustal growth occurred at ~3.9, ~3.6 and ~3.5 Ga (Geng et al.,
2012; Wang and Liu, 2012; Wu et al., 2008); (2) the nucleus of the
NCC formed at 3.8–3.1 Ga (Liu et al., 1992; Nutman et al., 2011; Song
et al., 1996; Wan et al., 2001, 2005; Wu et al., 2008); and (3) the
Neoarchean basement in the NCC formed during two distinct periods
at 2.8–2.7 Ga and 2.6–2.5 Ga (Geng et al., 2012; Jiang et al., 2010; Wan
et al., 2011a, 2011b; Zhai and Santosh, 2011; Zhao and Zhai, 2012).
Recent studies on the Kongling Complex in the YC suggested that: (1)
early crustal growth of the YC mainly occurred at ~3.5 and ~3.0 Ga
(Chen et al., 2013; Gao et al., 2011; Jiao et al., 2009; Zhang et al.,
2006); and (2) the nucleus of the YC formed at 3.2–3.1 Ga, ~2.9 Ga
and 2.6–2.7 Ga (Chen et al., 2013; Gao et al., 2011; Jiao et al., 2009;
419X. Long et al. / Lithos 200–201 (2014) 418–431Zhang et al., 2006; Zheng and Zhang, 2007). Compared to the NCC and
YC, the early Precambrian geology of the TC is poorly studied because
of limited exposures along the margins of the Tarim Basin. Although
there are some reliable age data for the Tarim basement rocks, little is
known about the early geological evolution of the different blocks of
the TC (BGMRX, 1993; Guo et al., 2003, 2005; Hu and Rogers, 1992;
Hu et al., 1997, 2000; Long et al., 2010; Lu and yuan, 2003; Lu et al.,
2008a; Shu et al., 2011; Zhang et al., 2007a, 2012a, 2012b, 2013a; Zhu
et al., 2011a, 2011b; Zong et al., 2013). More importantly, whether the
entire TCunderwent the same evolution andhas a uniformPrecambrian
basement still remains unclear, and this has hampered a better under-
standing of the tectonic relationship between the TC and the other
two Chinese cratons.
The Dunhuang Block is commonly considered as an eastern part of
the Tarim Craton (BGMRX, 1993; Lu et al., 2008b), but this viewpoint
is challenged by recent geochronological studies on the Archean
TTG gneisses from the Dunhuang Complex and Paleoproterozoic
supracrustal rocks in the northern TC (Ge et al., 2013; Zhang et al.,
2012c, 2013a). Zircon SHRIMP U–Pb dating indicated that the TTG
gneisses formed at 2.56–2.50 Ga and underwent regional metamor-
phism at ~2.5 Ga and another at 1.90–1.82 Ga (Zhang et al., 2013a).
Based on a comparison with the coeval magmatic–metamorphic events
developed in theNCC, Zhang et al. (2013a) proposed that theDunhuang
Block is the western extension of the Alxa terrane of the NCC. Ge et al.
(2013) compiled available geological and geochronological data in the
northern and southern TC and suggested that two Paleoproterozoic col-
lision orogenic belts existed in its northern and southern margins, re-
spectively. Because of remarkable consistency with collisional
orogenic belts in NCC, they suggested that the TC, including the
Dunhuang Block, was correlative with the Alxa–Yinshan Block of the
NCC, and these blocks became a coherent continent during the
Neoarchean–early Paleoproterozoic (Ge et al., 2013).
In this study, we present whole-rock geochemical data, combined
zircon ages andHf isotopic compositions for tonalitic andmonzograniticFig. 1. Simpliﬁed geologicalmapof thenorthernAltyn Tagh, eastern Tarim Craton (modiﬁed from
the Tarim Craton and adjacent areas.migmatites andmetadiorites collected from the basement in the north-
ern Altyn Tagh, northern margin of the Dunhuang Block. Our new
geochemical and isotopic data demonstrate that these basement rocks,
named Milan Complex, mainly formed during the Neoarchean and
show a similar history of continental growth and evolution as the north-
ern TC, but different from the NCC and YC. These results not only
provide new constraints on the tectonic afﬁnity of the Dunhuang
Block, but also shed light on the geological evolution of the TC in the
early Precambrian and Archean crust formation in NW China.
2. Geological background
The TC is located in northwestern China and is bounded by the
Tianshan Orogen to the north, the western Kunlun Orogen to the
south, and the Altyn Tagh Orogen to the southeast (Fig. 1). Because of
an extensive cover of desert recent deposits, Precambrian basement
rocks are only exposed on the craton margins around the Tarim basin,
e.g. the Kuluketage (also named as “Quruqtagh” in the literature)
Block in the northeast, the Aksu Block in the northwest, the Tiekelike
Block in the southwest and the Dunhuang Block in the east (BGMRX,
1993; Cao et al., 2011; Ge et al., 2012; Guo et al., 2003, 2005; He et al.,
2012; Hu and Wei, 2006; Hu et al., 2000; Long et al., 2010, 2011a,
2011b, 2012; Lu and Yuan, 2003; Lu et al., 2008b; Shu et al., 2011; Xu
et al., 2005; Zhang et al., 2007b, 2009, 2011, 2012d, 2013a; Zhu et al.,
2011a, 2011b). Among the Precambrian basement, Archean rocks pre-
dominantly consist of strongly deformed tonalitic–trondhjemitic–
granodioritic orthogneisses (TTG) and metamorphosed supracrustal
xenoliths, sparsely exposed along the northern and eastern margins
(Zhao and Cawood, 2012 and references therein). The Archean
basement rocks have commonly undergone medium to high-grade
metamorphism (BGMRX, 1993; Hu et al., 2000; Lu et al., 2008b).
In the Kuluketage Block, the early Precambrian rocks are known as
the Tuoge Complex (BGMRX, 1993; Gao et al., 1993; Hu et al., 1997,
2000). Orthogneisses of the complex are generally assigned to the TTGLiu et al., 2010). Inset A: The position of threemain cratons in China; Inset B: an outline of
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during the period 2.65–2.50 Ga (Long et al., 2010, 2011a; Lu, 1992;
Shu et al., 2011; Zhang et al., 2012a, 2012b). LimitedHf isotopic analyses
of zircons from these rocks suggest two important crustal growth
events in the northern Tarim, namely one in the Paleo- toMesoarchean
(3.3–2.9 Ga) and the other in the Neoarchean (2.7–2.5 Ga) (Long et al.,
2010). Some calc-alkaline and high Ba–Sr granites were recently found
in this area and yielded Neoarchean emplacement ages (~2.53 Ga,
Zhang et al., 2012a, 2012d). Supracrustal rocks of the Tuoge complex
mainly consist of lensoid amphibolite and sedimentary sequences, an
association of interlayered intermediate-maﬁc volcanic and clastic
sedimentary rocks (BGMRX, 1993; Gao et al., 1993; Guo et al., 2003).
Both the orthogneisses and supracrustal rocks are unconformably
overlain by the Paleoproterozoic Xingditage metasediments and have
experienced two Proterozoic metamorphic events at 1.9–1.8 Ga and
1.1–1.0 Ga, which are speculated to have a relationship with the assem-
bly of the Columbia (Nuna) and Rodinia supercontinents, respectively
(Long et al., 2012; Shu et al., 2011; Zhang et al., 2009, 2012b, 2012d).
The Dunhuang Block is situated on the northeastern margin of the
Tarim Craton, separated from the Alxa block in the western NCC by
the Altyn Tagh fault and from the main part of the TC by the Qiemo-
Xingxingxia Fault (Fig. 1). The Archean basement rocks of this block
are mainly exposed in the northern Altyn Tagh Mountains and were
originally referred to as the Milan Complex (BGMRX, 1993). The com-
plex is a strongly deformed suite of metamorphosed plutonic rocks
and a granulite-facies supracrustal assemblage (Che and Sun, 1996;
Lu, 2002; Sun et al., 1992). The orthogneisses consist of TTG rocks,
monzogranitic and granitic gneisses (Liu et al., 2010; Lu, 2002). These
orthogneisses are now separated from the Milan Complex and were
redeﬁned as the Aketashitage Complex (Lu and Yuan, 2003; Lu et al.,
2008b). The remaining Milan Complex mainly consists of paragneisses,
including two pyroxene granulite, garnet hypersthene granulite, hyper-
sthene granulite and amphibolite (Lu, 2002; Lu and Yuan, 2003). Most
of these supracrustal rocks experienced intense deformation and
are generally exposed as boudins and sheets within the Archean
orthogneisses (Che and Sun, 1996; Sun et al., 1992). Their protoliths
are considered to be maﬁc volcanic rocks (Liu et al., 2010; Lu et al.,
2008b). Because of granulite-facies metamorphism, the supracrustal
rocks in this area appear much different from those of the lower grade
Archean basement along the northern margin of the TC (BGMRX,
1993; Lu et al., 2008b). Zircon dating of tonalitic–trondhjemitic gneisses
yielded late Neoarchean ages of 2.6–2.7 Ga (Liu et al., 2010; Lu, 2002; Lu
and Yuan, 2003; Xin et al., 2011). Moreover, a SHRIMP zircon age of
~2.8 Ga was obtained for a monzonitic gneiss (Lu et al., 2008b). Both
the Aketashitage and Milan Complexes are overlain unconformably by
rocks of the Neoproterozoic Annanba Group which mainly consists of
purple coarse terrigenous clastic sediments and shallow water carbon-
ate (BGMRX, 1993; Zhang et al., 2011). To the central part of the
Dunhuang Block, the presumed Paleoproterozoic Dunhuang Complex
is commonly considered as the oldest basement (BGMRX, 1993; Zong
et al., 2013). However, recent zircon dating of a TTG gneiss from the
Dunhuang Complex yielded a late Neoarchean age of ~2.5 Ga, which is
interpreted as a crystallization age (Zhang et al., 2013a). In the
Dunhuang Block, a ~1.9 Ga regionalmetamorphism is recorded inmeta-
morphic zircons from a garnet–sillimanite-bearing gneiss of the Milan
Complex, metamorphic zircons or zircon rims in a maﬁc granulite, and
a TTG gneiss of the Dunhuang Complex (He et al., 2012; Zhang et al.,
2013a).
3. Sample descriptions
Archean orthogneisses of the Aketashitage Complex are extensively
exposed in the northern Altyn Tagh Mountains and mainly consist of
TTG and monzogranitic gneisses. These gneisses, together with the in-
side supracrustal rocks of the new deﬁnedMilan Complex, were intrud-
ed by Paleoproterozoic granite veins and younger, undeformed maﬁcdikes (Fig. 2a). Orthogneiss samples, including tonalitic, monzogranitic
and metadioritic rocks, were collected from the Aketashitage Complex
in the Lapeiquan area (Fig. 1). The relatively uniform tonalitic gneisses
are gray and medium- to coarse-grained and display a slightly gneissic
structure (Fig. 2b). They are composed of plagioclase (50–65%), quartz
(15–25%), biotite (10–15%) andminor hornblende (b10%). Hornblende
in these samples shows strong orientation and deﬁnes the gneissosity.
Some hornblende is chloritized or completely altered to chlorite. Zircon,
apatite,magnetite and allanite are common accessoryminerals. Howev-
er, the tonalitic gneisses were intruded by granitic pegmatites in most
places, and then strongly deformed together to form banded tonalitic
and monzogranitic migmatites (Fig. 2c). Compared to the tonalitic
gneisses, these tonalitic migmatites totally have more K-feldspar (5–
10%) but less plagioclase and maﬁc minerals (e.g. biotite and
hornblende) because of the small granitic veins. The monzogranitic
migmatites have more granitic veins than the tonalitic migmatites and
thus contain more K-feldspar (~25%) and less plagioclase (~30%). The
metadiorite samples are pale green and medium-grained, showing a
homogenous granoblastic texture with a gneissic fabric (Fig. 2d). The
metadioritic gneisses consist of less quartz (b10%), more plagioclase
(50–65%) and hornblende (25–35%) than the tonalities and exhibit a
large variation of biotite contents (0–15%). Zircon, apatite and magne-
tite are common accessoryminerals. Subhedral to euhedral hornblende
and biotite crystals are up to 2–3 mm in size and show strong orienta-
tion, making up of the gneissosity.
4. Results
4.1. Geochemistry
Major element oxides were determined on fused glass disks using a
Rigaku ZSX100e X-ray ﬂuorescence spectrometer in the State Key Labo-
ratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry.
The accuracy of the XRF analyses is within 1% for most major elements.
Trace elements were also analyzed in the laboratory using a Perkin-
Elmer Sciex ELAN 6000 ICP-MS. Analytical precision for trace elements
was generally better than 5%. The detailed analytical methods were
described in Appendix A and the geochemical data are presented in
Table 1.
4.1.1. Tonalitic migmatites
The tonalite samples are silica-rich (SiO2 N 63.5 wt.%, mean =
66.37 wt.%) and mostly have medium K2O (1.10–2.20 wt.%, mean =
1.47 wt.%; Fig. 3a) and high Na2O (4.15–5.39 wt.%, mean =
4.62 wt.%), therefore with high Na2O/K2O (N2) (Table 1). The samples
are subalkaline, and nearly all plot in the ﬁeld of granodiorite in the
TAS discrimination diagram (Fig. 3b; Le Maitre, 1989). Compared with
average late Archean TTGs (Condie, 2005), these rocks display slightly
higher Al2O3 (15.47–17.00 wt.%, mean = 16.24 wt.%) and CaO
(2.33–4.75 wt.%, mean = 3.67 wt.%), and lower MgO (0.72–2.07 wt.%,
mean = 1.37 wt.%) and Mg# (35–50, mean = 42). The ASI index
(A/CNK= [Al2O3/(CaO + Na2O + K2O) mol%]) of the samples varies
from 0.90 to 1.12, displaying a weakly metaluminous to slightly
peraluminous character (Fig. 3c). In the normative An–Ab–Or dia-
gram, the tonalite samples mostly plot in the tonalite–trondhjemite
ﬁelds, similar to Neoarchean TTG rocks in the northern TC, except
for a few samples close to the granodiorite–monzogranite boundary
(Fig. 3d).
The tonalitic gneisses contain lower Sc (mean=6 ppm), Cr (mean=
21 ppm), Co (mean = 8 ppm) and Ni (mean = 11 ppm) than average
late Archean TTG (Condie, 2005). The rocks have high Sr (mean =
588 ppm) and low Y (mean = 3 ppm) and thus very high Sr/Y
(mean = 208), which are similar to those of average TTG and
adakite, but different from those of normal Phanerozoic arc igneous
rocks (Condie, 2005; Martin, 1999). These samples are LREE-
enriched with high (La/Yb)N (mean = 91) and display intermediate
Fig. 2. Field photos of old basement rocks in the northernAltyn Tagh. (a) the tonalitic andmonzogranitic gneisseswere intruded by youngmaﬁc dykes; (b) the strong foliated tonalitic and
monzogranitic gneisses of the Aketashitage Complex; (c) the tonalitic gneisses were intruded by ~1.9 Ga monzogranite veins; (d) gneissic metadiorite.
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REE patterns (Fig. 4a) and pronounced negative Th, Nb, Ta, Ti and Sr
anomalies and slight Rb, Ba, and Pb spikes in a primitive mantle-
normalized trace element variation diagram (Fig. 4b).4.1.2. Monzogranitic gneisses
Compared with the tonalite samples, the monzogranitic gneisses
have slightly higher SiO2 (mean = 68.87 wt.%) and possess much
higher K2O (mean = 3.81 wt.%; Fig. 3a) and lower Na2O (mean =
3.62 wt.%), thus have very low Na2O/K2O (~1.0). These samples are
also subalkaline and plot in the same ﬁeld as the tonalite samples
(Fig. 3b; Le Maitre, 1989). Although the monzogranite samples have
low MgO (mean = 0.92 wt.%) and Fe2O3T (mean = 2.31 wt.%), their
Mg# values (39–45, mean = 43) are close to those of the tonalite sam-
ples. Because of the ~1.0 ASI index values, the rocks are weakly
metaluminous to peraluminous (Fig. 3c). In the normative An–Ab–Or
diagram, they plot near the granodiorite–monzogranite boundary
(Fig. 3d). Although some major element contents of the monzogranitic
gneisses are different from those of the tonalite samples, the abundance
of trace elements and their REE and trace element patterns are identical
and indistinguishable (Fig. 4c–d).4.1.3. Metadiorites
The metadiorite samples have low SiO2 contents (53.80–59.05 wt.%,
mean = 56.83 wt.%), medium K2O (mean = 1.36 wt.%; Fig. 3a), high
Na2O (mean = 4.70 wt.%) and Na2O/K2O (mean = 3.69). In the TAS
diagram (Fig. 3b), most samples are subalkaline and plot in the dio-
rite–monzonite diorite ﬁeld. Compared with the tonalite samples, the
rocks contain higher Al2O3 (mean = 18.20 wt.%) and CaO (mean =
6.21 wt.%), MgO (mean = 3.22 wt.%) and Mg# (mean = 47.7). The
samples have similar ASI index values of 0.83–0.92, displaying a weakly
metaluminous character (Fig. 3c). In the normative An–Ab–Or diagram,
the metadiorites plot in the tonalite ﬁeld (Fig. 3d).In comparison with the tonalitic gneisses, the metadiorites have
higher Sc (mean = 14 ppm), Cr (mean = 55 ppm), Co (mean =
18 ppm) and Ni (mean = 37 ppm), but similar high Sr (mean =
808 ppm) and low Y (mean = 11 ppm) with high Sr/Y (mean = 88).
The samples are also LREE-enriched but with lower (La/Yb)N (mean =
28). They have slightly positive Eu anomalies (mean Eu/Eu* = 1.17) in
chondrite- normalized REE patterns (Fig. 4e) and also display marked
negative Th, Nb, Ta, and Ti anomalies and slight Rb, Ba, and Pb spikes in
the primitive mantle-normalized trace element diagram (Fig. 4f),
which is consistent with those of adakites and Archean TTGs (Condie,
2005; Martin, 1999).
4.2. Zircon geochronology and Hf isotopic compositions
Zircon U–Pb dating was performed by the Sensitive High-Resolution
Ion Microprobe (SHRIMP II) in the Beijing SHRIMP Center for sample
XILP01 and LA-ICPMS in the State Key Laboratory of Isotope Geochem-
istry, Guangzhou Institute of Geochemistry for other samples. Zircon
Lu–Hf isotope analyses were analyzed by a Nu Plasma HR MC-ICP-MS,
coupled to a 193 nm excimer laser ablation system in the Department
of Earth Sciences, University of Hong Kong. The detailed analytical
methods were described in Appendix A and the dating and analyzed
results are presented in Appendix B. Supplementary data.
4.2.1. Tonalitic gneisses
Two banded tonalitic gneiss samples (XLP-1 and XLP-16) were
selected for zircon dating. Zircons in the two sample are translucent
and mostly prismatic, about 90–150 μm in size. CL-images reveal clear
core–rim textures. Most zircon cores are irregular and dark in CL-
images with clear oscillatory zoning, whereas a few irregular cores
appear bright in CL-images with faint oscillatory zoning and are consid-
ered to have been inherited from themagma source. The zircon rims are
bright in CL and structureless. Twenty-six spots, including 24 cores and
2 rims, were dated from sample XLP-1 (Supplementary Table 1; Fig. 5a).
Table 1
Geochemistry of the orthogneiss samples collected from the Aketashitage Complex, northern Altyn Tagh.
XLP-2 XLP-3 XLP-4 XLP-5 XLP-6 XLP-8 XLP-9 XLP-10 XLP-17 XLP-18 XLP-19 XLP-20 XLP-31 XLP-32 XLP-33 XILP02 XILP03 XILP04 XILP05 XILP06 Late Archean
TTG
Adakite
Tonalitic gneiss Monzogranitic gneiss Metadiorite
SiO2 66.64 63.56 70.76 65.99 65.36 65.85 64.21 66.98 69.35 68.27 64.10 65.33 71.67 66.62 68.33 54.32 58.08 59.05 53.80 58.89 68.3 62.43
TiO2 0.56 0.47 0.25 0.52 0.52 0.65 0.65 0.49 0.34 0.33 0.53 0.49 0.16 0.38 0.34 0.57 0.78 0.72 0.88 0.77 0.42 0.67
Al2O3 16.90 17.00 15.63 15.95 15.97 16.27 16.27 16.02 15.87 15.47 16.96 16.62 14.25 16.39 15.49 18.48 17.90 17.79 19.21 17.63 15.5 17.05
Fe2O3T 3.23 4.55 1.79 3.91 3.71 4.57 4.17 4.07 2.49 3.47 4.02 3.75 1.51 2.91 2.52 7.08 6.55 6.38 7.36 6.81 3.42 3.99
MnO 0.03 0.06 0.01 0.05 0.04 0.06 0.05 0.04 0.03 0.04 0.06 0.04 0.02 0.04 0.03 0.10 0.09 0.07 0.11 0.08 0.07 0.08
MgO 0.89 2.06 0.72 1.60 1.11 1.38 1.33 1.22 1.10 1.10 2.07 1.84 0.49 1.22 1.05 4.71 2.80 2.72 3.13 2.72 1.39 3.31
CaO 3.18 4.75 2.36 4.11 4.71 4.09 4.33 3.46 2.33 3.99 3.81 2.96 2.34 3.12 2.69 7.39 5.74 6.33 5.57 6.01 3.26 6.53
Na2O 5.06 4.49 4.44 4.27 4.31 4.15 4.96 4.26 5.29 5.39 4.29 4.47 3.54 3.59 3.75 4.59 4.86 4.52 5.13 4.40 4.51 4.25
K2O 1.47 1.10 2.20 1.23 1.29 1.20 1.82 2.17 1.27 0.34 1.70 1.87 4.11 3.86 3.47 1.05 1.25 1.08 2.20 1.20 2.2 1.42
P2O5 0.14 0.26 0.07 0.17 0.25 0.21 0.19 0.19 0.10 0.10 0.15 0.16 0.06 0.18 0.13 0.27 0.36 0.28 0.33 0.29 0.14 0.26
LOI 1.62 1.41 1.51 1.95 2.46 1.34 1.74 0.84 1.37 1.07 1.88 2.06 1.39 1.23 1.76 0.97 1.16 0.61 1.83 0.73
Total 99.72 99.72 99.74 99.74 99.74 99.75 99.73 99.73 99.56 99.56 99.56 99.59 99.56 99.53 99.57 99.53 99.55 99.54 99.55 99.54
Na2O/K2O 3.44 4.07 2.02 3.48 3.34 3.47 2.72 1.96 4.15 16.02 2.53 2.39 0.86 0.93 1.08 4.39 3.87 4.20 2.33 3.65 2.05 2.99
A/CNK 1.08 0.99 1.12 1.01 0.94 1.05 0.90 1.02 1.11 0.94 1.07 1.12 0.98 1.04 1.04 0.83 0.90 0.88 0.92 0.90 0.98 0.83
Mg# 35 47 45 45 37 37 39 37 47 38 50 49 39 45 45 57 46 46 46 44 48 65
Sc 3.14 10.8 1.27 5.57 6.13 9.23 5.85 4.51 4.92 4.23 6.42 4.76 3.55 6.89 6.45 17.1 13.4 12.4 13.4
Cr 8.99 24.7 7.71 23.7 13.0 13.9 13.1 13.1 28.3 29.9 32.6 38.7 25.5 20.9 27.5 98.8 42.3 42.7 38.1 35 82
Co 5.07 12.0 3.72 9.01 8.63 9.86 8.39 7.89 5.89 5.15 10.2 9.54 2.75 8.20 6.40 26.5 15.0 15.7 16.2
Ni 4.79 17.6 3.96 14.8 10.3 10.4 8.94 8.23 12.3 10.9 13.3 15.7 4.56 9.05 7.84 71.0 45.3 17.3 13.4 22 64
Rb 24.5 9.19 32.6 11.4 20.8 11.0 20.1 24.8 33.2 6.9 41.0 47.9 68.4 63.6 61.8 13.9 25.5 15.9 59.2 67 15
Sr 581 513 467 461 592 495 580 549 387 836 816 774 433 892 691 739 938 946 608 515 1550
Ba 645 917 1432 982 1997 1220 1977 2298 533 145 1425 1505 3787 3777 3337 842 1025 868 1272 769 309
Y 3.78 5.94 1.63 3.65 3.77 7.11 3.72 3.40 1.29 2.21 2.62 2.53 1.36 3.66 2.64 11.24 11.07 8.56 12.05 9.1 9.7
Nb 3.64 1.57 0.60 1.77 2.17 2.74 2.14 1.58 0.51 0.53 1.47 2.18 0.41 1.87 1.13 2.74 4.25 2.64 4.17 6.2 9.7
Ta 0.10 0.04 0.02 0.04 0.04 0.05 0.04 0.03 0.01 0.01 0.02 0.07 0.01 0.07 0.02 0.08 0.09 0.06 0.15 0.84 0.6
Zr 225 82 90 129 227 234 197 191 94 90 87 92 91 153 114 77 190 138 142 154 117
Hf 5.38 2.02 2.36 3.07 5.33 5.48 4.82 4.69 2.27 2.11 1.96 2.23 2.21 3.54 2.71 1.98 4.38 3.20 3.10 4.7 3.3
Pb 4.77 6.38 7.61 4.65 6.00 5.23 6.02 5.60 3.19 2.88 5.99 4.47 10.86 16.97 11.88 6.31 6.59 6.73 8.48
Th 2.26 0.16 0.08 0.08 0.25 0.69 0.27 0.21 0.04 0.04 0.04 0.11 0.11 0.85 0.15 0.13 0.19 0.09 1.33 8.1 3.9
U 0.60 0.34 0.22 0.18 0.33 0.37 0.34 0.33 0.43 0.35 0.13 0.17 0.36 0.29 0.29 0.17 0.26 0.13 0.58 1.5 1.2
La 42.9 35.5 20.7 26.4 38.6 47.0 38.1 34.0 20.2 16.6 14.2 19.1 18.1 46.0 23.8 37.8 37.5 26.8 40.5 36 24
Ce 69.7 66.7 32.5 45.4 65.4 83.8 65.3 58.1 33.7 28.2 25.5 32.0 27.4 75.8 38.8 80.8 69.1 51.7 84.6 65 65
Pr 7.09 7.41 2.93 4.83 6.80 9.01 6.72 6.02 3.35 2.88 2.87 3.26 2.53 7.59 3.95 10.4 8.01 6.08 10.5
Nd 22.9 27.1 9.3 17.0 23.0 31.6 22.9 20.5 11.2 10.1 10.7 11.5 8.2 25.5 13.6 39.2 31.0 22.7 39.0 25 26
Sm 2.47 3.59 0.98 2.11 2.57 4.06 2.55 2.19 1.18 1.25 1.61 1.49 0.91 2.95 1.73 5.81 5.00 3.75 5.73 4.2 4.7
Eu 0.96 1.08 0.72 0.92 0.91 1.11 0.89 0.84 0.98 0.99 1.28 1.22 1.27 1.68 1.35 1.72 1.75 1.56 1.69 1.07 1.4
Gd 1.27 2.20 0.48 1.27 1.42 2.62 1.42 1.18 0.94 0.99 1.36 1.28 0.90 2.53 1.49 4.29 4.11 3.09 4.44 2.9 2.3
Tb 0.16 0.28 0.06 0.16 0.17 0.34 0.17 0.14 0.09 0.10 0.15 0.14 0.07 0.21 0.14 0.53 0.55 0.40 0.55 0.38 0.4
Dy 0.76 1.39 0.29 0.77 0.79 1.64 0.78 0.67 0.27 0.41 0.57 0.53 0.24 0.75 0.52 2.42 2.51 1.87 2.54
Ho 0.13 0.24 0.05 0.13 0.14 0.29 0.14 0.12 0.04 0.06 0.09 0.08 0.04 0.11 0.09 0.42 0.43 0.33 0.46
Er 0.35 0.63 0.13 0.34 0.34 0.72 0.35 0.30 0.10 0.17 0.25 0.23 0.11 0.32 0.24 1.17 1.06 0.85 1.25
Tm 0.04 0.08 0.02 0.04 0.05 0.09 0.05 0.04 0.02 0.02 0.03 0.03 0.02 0.04 0.03 0.16 0.14 0.12 0.16
Yb 0.32 0.50 0.11 0.28 0.29 0.50 0.30 0.25 0.10 0.14 0.19 0.20 0.11 0.29 0.21 1.02 0.79 0.77 1.07 0.71 0.81
Lu 0.05 0.07 0.02 0.05 0.05 0.08 0.05 0.04 0.02 0.02 0.03 0.03 0.02 0.05 0.03 0.15 0.12 0.11 0.15 0.11 0.09
(La/Yb)N 96 51 140 68 95 67 90 97 142 87 53 70 114 112 82 26 34 25 27 36 21
(Gd/Yb)N 3.3 3.6 3.7 3.8 4.0 4.3 3.9 3.9 7.6 6.0 5.9 5.4 6.5 7.1 5.9 3.5 4.3 3.3 3.4 3.4 2.3
Eu/Eu* 1.67 1.18 3.22 1.72 1.47 1.05 1.44 1.60 2.87 2.74 2.67 2.71 4.32 1.89 2.59 1.06 1.19 1.41 1.03 0.94 1.28
Sr/Y 153 86 286 126 157 70 156 162 300 379 312 306 319 244 262 66 85 111 50 57 160
Note: The units ofmajor and trace elements arewt.% and ppm, respectively. A/CNK = molar ratio of Al2O3/(CaO + Na2O + K2O);Mg# = molar ratio ofMgO/(MgO + 0.79 ∗ Fe2O3T) ∗ 100; Data of Late Archean TTG and adakite from Condie (2005).
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Fig. 3.Geochemical discrimination diagrams for the orthogneisses in thenorthernAltynTagh. (a) SiO2 versusK2Odiagram (after LeMaitre, 1989); (b) SiO2 versus total alkali (Na2O+K2O)
content diagram (Middlemost, 1994), and the alkaline and sub-alkaline division is after Irvine and Baragar (1971); (c) ANK versus ACNK diagram (after Maniar and Piccoli, 1989);
(d) Normative feldspar classiﬁcation from O'Connor (1965). Data for adakite are from Condie (2005) and data for low-SiO2 (LAS) and High-SiO2 (HAS) adakite are fromMartin et al. (2005).
423X. Long et al. / Lithos 200–201 (2014) 418–431The analyzed spots have high Th/U ratios (0.17–2.34) for the cores and
low ratios (0.03 and 0.05) for the rims. The bright cores mostly yielded
Neoarchean concordant ages except for three discordant analyses and
have 207Pb/206Pb ages varying from 2703 to 2751 Ma, with an upper
Concordia intercept age of 2738 ± 13 Ma. The dark cores give younger
207Pb/206Pb ages (2502–2556 Ma) than the bright cores and yielded a
weightedmean age of 2532±30Mawhich is interpreted as the crystal-
lization age of the host rock. The two metamorphic rims yielded
Paleoproterozoic concordant 207Pb/206Pb ages of 2401 Ma and
2288 Ma, respectively.
The same zircons were analyzed for Hf isotopic compositions. The
results indicate that all analyzed spots, on both the cores and the rims,
yielded similar initial Hf compositions (Supplementary Table 2). The
inherited cores have the highest εHf(t) values between −2 and +2
(Fig. 6), with Neoarchean crustal model ages (TDMc ) of 3.05–3.35 Ga.
The ~2.52 Ga grain centers give lower εHf(t) values (−6 to −3) and
older TDMc at 3.22–3.44 Ga. The metamorphic rims yielded the lowest
εHf(t) values (−10 and −7) calculated by their metamorphic ages,
with TDMc ages of 3.40 and 3.47 Ga, respectively.
Twenty-six spots, including 21 zircon cores and 5 rims, were dated
in sample XLP-16 (Fig. 5a). The cores have high Th/U ratios
(0.29–3.29). Three cores that appear bright in CL images yielded
N2.8 Ga ages, of which one spot gave the oldest Paleoarchean 207Pb/
206Pb age of 3.47 Ga. Other cores that appear bright in CL in ages mostly
yielded concordant and variably discordant but near-identical
Neoarchean 207Pb/206Pb ages with an upper Concordia intercept at
2727 ± 7 Ma. Four cores that appear dark in CL images have the same
207Pb/206Pb ages and provide an upper Concordia intercept age of
2519 ± 12 Ma. Rims on zircons that appear bright in CL images mostly
have high U and low Th and thus with low Th/U ratios (0.02–0.06).
Except for one rim having an early Paleoproterozoic 207Pb/206Pb age(2425 ± 58 Ma), the other rims yielded a Paleoproterozoic weighted
mean 207Pb/206Pb age of 1971 ± 17 Ma.
The Hf isotopic analyses indicate that the cores and rims have
approximate initial Hf compositions consistent with those of zircons
in sample XLP-1 (Fig. 6). The inherited cores have the highest εHf(t)
values between −4 and +5 with Neoarchean crustal model ages
(TDMc ) of 3.10–3.44 Ga. The ~2.52 Ga cores yielded lower εHf(t) values
(−7 to−2) with model ages around 3.48 Ga. The metamorphic rims
yield very low εHf(t) values (−15 and−17), with oldest TDMc ages at
3.54–3.70 Ga calculated by their metamorphic ages.4.2.2. Monzogranitic gneiss
Zircons from a banded monzogranitic gneiss (sample XLP-30) were
dated by LA-ICP-MS and have similar features and CL petrography as
those in the banded tonalitic gneisses. Twenty-six spots, including 24
cores and 2 rims, were analyzed (Fig. 5c), and all exhibit high Th/U ra-
tios (N0.1). Cores that appear bright in CL images yielded two early
Neoarchean age groups with concordant and discordant analyses and
206Pb/207Pb ages at 2710–2739 and 2631–2688 Ma, which provide
upper Concordia intercept ages at 2712 ± 16 Ma and 2645 ± 27 Ma,
respectively. Grain centers that appear dark in CL images yielded late
Neoarchean 207Pb/206Pb ages (2475–2513 Ma), resulting in a concordia
age of 2511 ± 14 Ma, which is interpreted as the crystallization age of
the host rock. Two rims yielded relatively younger concordant ages of
~2.0 and ~2.2 Ga, respectively.
The dated zircon yielded variable initial Hf isotopic compositions
and TDMc ages (3.14–3.54 Ga), resulting in different εHf(t) values of−4
to +1 for the inherited cores, −8 to −1 for the 2.51 Ga cores, and
−12 to −17 for the two metamorphic rims calculated by their
metamorphic ages (Fig. 6).
Fig. 4. Chondrite-normalized REE patterns and primitive mantle-normalized spider diagrams for the orthogneisses. Normalizing values are from Sun and McDonough (1989).
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Zircons from sample XILP01 were selected for SHRIMP dating and
are prismatic and about 80–130 μm in size. CL-images reveal clear
core–rim textures: dark irregular cores with clear oscillatory zoning
and bright, structureless outer rims. Sixteen spots, including 11 cores
and 5 rims, were dated (Fig. 5d). The analyzed cores have high Th/U ra-
tios (0.57–1.36) and yielded concordant as well as variably discordant
and reversely discordant isotopic ratios but similar 207Pb/206Pb ages.
Thus, an upper Concordia intercept age of 2498 ± 10 Ma was obtained
and is interpreted as the crystallization age of the rock. Two rims yielded
young concordia ages of ~2.1 and ~2.3 Ga, respectively. Three further
rims are discordant and yielded Paleoproterozoic 207Pb/206Pbminimum
ages of 2.1–2.4 Ga. Although the zircon rims have similar Th/U ratios
(0.57–1.36), their bright luminescence and no discernible internal
structure indicate not an igneous origin. Because these ages are incon-
sistent with the discovered ages of regional metamorphism, we inter-
pret the zircon rims to be formed by recrystallization rather than
regional metamorphism.
The dated spots were also analyzed for Hf isotopic compositions.
The cores yielded a relatively narrow range of initial Hf compositions
(Supplementary Table 2) and high εHf(t) values between +1 and +5,
with Neoarchean crustal model ages (TDMc ) of 2.68–2.93 Ga (Fig. 6).
Compared to the cores, the zircon rims have identical 176Hf/177Hf(t)(0.281247–0.281440), but lower εHf(t) values (−6 to 0) because of
their younger ages. The TDMc ages of the metamorphic rims, calculated
by their metamorphic ages, vary from 2.75 to 3.11 Ga, which are consis-
tent with those of the magmatic cores.
5. Petrogenesis
In the northern Altyn Tagh, most of the banded tonalitic and
monzogranitic gneisses are not homogeneous and display typical
characteristics of migmatite with polyphase layers of different de-
formed igneous materials. The melanosome of these gneisses consists
predominately of relatively homogeneous tonalite, whereas the
leucosome is composed of pink coarser-grained (K feldspar-bearing)
veins (Fig. 2c). Because of the various amount of later intruded granite
veins, the banded tonalitic and monzogranitic migmatites have a large
variation of geochemical compositions (Table 1). Although the
geochemical data display characteristics of tonalitic and monzogranitic
igneous rocks respectively, these migmatites are all sodic and
subalkaline and plot in the same ﬁeld in some geochemical diagrams
(e.g. Fig. 3b–d). The rocks are LREE-enriched and display similar trace
element patterns in the primitivemantle-normalized trace element var-
iation diagram. These similarities indicate that the two end-members of
the migmatites were probably derived from same magmatic source or
Fig. 5. Zircon U–Pb concordia diagrams for the orthogneiss samples. The red circles show the locations of U–Pb dating.
425X. Long et al. / Lithos 200–201 (2014) 418–431the granitic leucosomewas produced by partial melting of protoliths of
the tonaliticmelanosome. Thismixingmodel of such two end-members
is evidenced by the banded structure of the rocks and the two age pop-
ulations (~2.5 and ~2.7 Ga) of magmatic zircons inside the migmatites.
Additionally, the Hf isotopic compositions indicate that ~2.5 Ga zircons
of the migmatites were evolved from the earlier formed zircons
(~2.7 Ga), which also supports the possibility that the leucosome ofFig. 6. εHf(t) versus crystal age plots for dated zircon samples. Fields for northern Tarim
basement, North China and Yangtze Cratons are based on data from Long et al. (2010,
2011a) and references therein.the migmatites was generated by partial melting of protoliths of the
tonalitic melanosome.
Although the metadiorites are characterized by high Sr and Sr/Y
and low Y, their low SiO2 and high Cr, Co, and Ni indicate geochemical
characters different from Archean TTGs, but similar to modern low-Si
adakites except for the slightly lower MgO (Condie, 2005; Martin and
Moyen, 2002; Martin et al., 2005; Smithies, 2000). It is generally
suggested that low-Si adakites are produced by partial melting of slab-
melt metasomatized mantle peridotites (Defant and Drummond,
1990; Martin et al., 2005). This petrogenesis is supported by the high
MgO, Cr, Co, Ni, and Mg# (mean = 47.7) and high εHf(t) (+1–+5)
of our metadiorite sample which is indicative of a juvenile magma
source.
6. Discussion
6.1. Formation of an early basement in the Dunhuang Block
ThenorthernAltyn Tagh is generally considered as the nucleus of the
Dunhuang Block and some isotopic age data have been achieved for the
oldest basement rocks of the Aketashitage Complex (BGMRX, 1993; Lu
et al., 2008b). A granitic gneiss of the complex yielded a Neoarchean zir-
con age (2582± 11Ma) using themultigrain ID-TIMSmethod 20 years
ago, but the core–rim textures of many zircons and their different ori-
gins make this age questionable (Lu, 1992). Recently, some tonalitic
and trondhjemitic gneisses were dated by the same TIMS method and
yielded similar upper Concordia intercept ages of 2604 ± 102 Ma and
2670± 12Ma (Lu and Yuan, 2003). An older upper Concordia intercept
age of 2830 ± 45 Ma was obtained more recently by SHRIMP zircon
426 X. Long et al. / Lithos 200–201 (2014) 418–431dating of a monzogranitic gneiss (Lu et al., 2008b). Based on CL-images,
this age was interpreted as the emplacement of the monzogranitic
gneiss. This age has indicated the existence of a late Mesoarchean base-
ment, but it still remains unknown whether there are late Neoarchean
rocks in the northern Altyn Tagh. In the eastern part of the Dunhuang
Block, TTG-like orthogneisses were discovered near the Shibaocheng
area, and multigrain ID-TIMS zircon dating yielded a Neoarchean
upper Concordia intercept age of 2670 ± 12 Ma (Mei et al., 1998). Zir-
cons from the Shibaocheng tonalitic gneisses were recently dated
again by LA-ICP-MS and SHRIMP and yielded identical upper Concordia
intercept ages of ~2.50 Ga, which indicates that late Neoarchean base-
ment rocks occur in the eastern part of the Dunhuang Block (Zhang
et al., 2013a).
In this study, zircons from tonalitic, monzogranitic and metadioritic
rocks of the Aketashitage Complex were dated by zircon LA-ICPMS and
SHRIMP U–Pb methods. Our data indicate that the banded tonalitic and
monzogranitic gneisses were generated by former TTG rocks with
different late Neoarchean (2.51–2.53 Ga) intrusions of granitic veins
and then strongly deformed together. The protoliths of the migmatites,
occurred as tonalitic melanosome, were produced by partial melting of
Archean maﬁc lower crust source of the type envisioned by Smithies
et al. (2003) and Martin et al. (2005) with probable emplacement
ages at 2.71–2.74 Ga and 2.65 Ga. These results not only suggest that
late Neoarchean basement rocks are extensive in the northern Altyn
Tagh, but also reveal that an early Neoarchean TTG basement must
have existed in the source of the Aketashitage migmatites. This conclu-
sion is supported by a recent SHRIMP zircon study, in which a tonalitic
gneiss from the Aketashitage Complex yielded an emplacement age of
~2.57 Ga and a likely early Neoarchean age (~2.77 Ga) for the protolith
(Liu et al., 2010). Most recently, some ∼2.7–2.6 Ga TTG gneisses were
also discovered in the central Dunhuang Block and dated by zircon LA-
ICPMS method (Zong et al., 2013). Additionally, a late Neoarchean em-
placement age (~2.50 Ga) was obtained for our metadiorite sample.
This age is consistent with the age of the Shibaocheng orthogneisses,
indicating that the ~2.5 Ga gneisses probably record the last extensive
Archean magmatism with the addition of juvenile material into the
continental crust because of their high εHf(t) values.
Based on the published age data reviewed above and our new ages
(Table 2), we conclude that the basement in the Dunhuang Block con-
sists of late Mesoarchean to Neoarchean rocks. The orthogneisses in
theAketashitage Complexwere generated during three periods, namely
at 2.83, 2.71–2.77 and 2.50–2.57 Ga.Table 2
Age data for orthogneisses of the Archean basement in the Dunhuang Block.
Rocks Location
Granitic gneiss Northern Altyn
Tonalitic gneiss Northern Altyn
Trondhjemitic gneiss Northern Altyn
Monzogranitic gneiss Northern Altyn
TTG-like orthogneiss Shibaocheng area
Orthogneiss Shibaocheng area
Orthogneiss Shibaocheng area
Orthogneiss Shibaocheng area
Tonalitic gneiss Northern Altyn
Protolith of tonalitic gneiss Northern Altyn
TTG gneiss Central Dunhuang Block
Granitic leucosome of the migmatites Northern Altyn
Metadiorite Northern Altyn
Tonalitic melanosome of the migmatites Northern Altyn6.2. Archean crustal growth in the Dunhuang Block
A large number of zircon ages and Hf-in-zircon isotopic data from
granitoids worldwide suggest that two important episodes of crustal
growth occurred in the Neoarchean, namely at ~2.7 and ~2.5 Ga
(Condie, 1998, 2000; Condie et al., 2011). In the DunhuangBlock, exten-
sive TTG rocks reveal that the formation of the early continental crust
predates the Neoarchean. In the northern Altyn Tagh, Che and Sun
(1996) ﬁrst reported a Sm–Nd isochron age of 2789 Ma for granulites
from the metamorphic supracrustal rocks (Che and Sun, 1996). Few
years later, an upper concordia intercept age of ~3.6 Ga was published
for zircons from a granitic gneiss using the zircon ID-TIMS method (Li
et al., 2001). This age is not precise because of the complex inner texture
of the dated zircons. Recently, zircon SHRIMP U–Pb dating of the same
rocks yielded coeval ages, which indicates that Paleoarchean continen-
tal crust possibly exists in the Dunhuang Block (Lu et al., 2008b).
Our Lu–Hf isotopic data for magmatic zircon cores from TTG-like
migmatites of the Aketashitage Complex reveal fairly uniform Hf isoto-
pic compositions, but different values for the younger metadiorite. The
magmatic zircon cores exhibit similar TDMc model ages ranging from
3.1 Ga to 3.5 Ga and suggest the formation of Paleoarchean to
Mesoarchean crust (Fig. 7a–b). These Hf crustal model ages are exactly
consistentwith those froma new study of Hf-in-zircon for TTG rocks ex-
posed in the central Dunhuang Block (Zong et al., 2013). The younger
TDMc model ages of 2.7–2.9 for the metadiorite sample suggest another
period of formation of juvenile crust in the Neoarchean (Fig. 7c)
which is evidenced by a recent study on the zircon Hf isotopic composi-
tion of ~2.5 Ga gneisses in the southeastern Dunhuang Block (Zhang
et al., 2013a). We contend that these data indicate that the Dunhuang
Block experienced two periods of crustal growth in the Paleo- to
Mesoarchean (3.5–3.1 Ga) and Meso- to Neoarchean (2.9–2.7 Ga)
with two age peaks at 3.22 and 2.84 Ga (Fig. 7d). The negative εHf(t)
values for the inherited cores from the studied migmatites indicate
that these rocks were formed by partial melting of older crust. There-
fore, theDunhuangBlock has experienced twomajor episodes of Arche-
an crustal reworking at ~2.7 Ga and ~2.5 Ga. The high εHf(t) values for
the magmatic zircon cores of the metadiorite sample suggest
Neoarchean juvenile magmatism at ~2.5 Ga. These data demonstrate
that the Dunhuang Block simultaneously experienced ~2.5 Ga addition
of juvenile material and reworking of existing crust. Our previous
study of the Tuoge Complex in the Kuluketage Block revealed compara-
ble late Neoarchean magmatic events in the northern TC (Long et al.,Age (Ma) Method Reference
2582 ± 11 ID-TIMS Lu (1992)
2604 ± 102 ID-TIMS Lu and Yuan (2003)
2670 ± 12 ID-TIMS Lu and Yuan (2003)
2830 ± 45 SHRIMP Lu et al. (2008b)
2670 ± 12 ID-TIMS Mei et al. (1998)
2549 ± 20 LA-ICPMS Zhang et al. (2013a)
2492 ± 18 LA-ICPMS Zhang et al. (2013a)
2498 ± 25 SHRIMP Zhang et al. (2013a)
2567 ± 32 SHRIMP Liu et al. (2010)
2767 ± 49 SHRIMP Liu et al. (2010)
2717 ± 31
2642 ± 63
2708 ± 54
LA-ICPMS Zong et al. (2013)
2533 ± 30
2519 ± 12
2511 ± 14
LA-ICPMS This study
2498 ± 10 SHRIMP This study
2738 ± 13
2727 ± 7
2712 ± 16
2645 ± 27
LA-ICPMS This study
Fig. 7. Zircon Hf isotopemodel age (TDMc ) histogram for the orthogneiss samples collected
from the Aketashitage Complex, northern Altyn Tagh.
Fig. 8. ZirconHf isotopemodel age (TDMc ) histogram for basement rocks of the North China
Craton, the Yangtze Craton, the Dunhuang Block and the northern Tarim Craton. (a) Data
for the North China Craton from Chen et al. (2006), Wan et al. (2007), Diwu et al. (2007,
2011), Wu et al. (2008), Guo et al. (2008), Yang et al. (2008), Liu et al. (2008a); Liu et al.
(2009, 2013), Jiang et al. (2010), Wang et al. (2012) and Liu et al. (2013); (b) Data for
the Yangtze Craton from Zhang et al. (2006), Jiao et al. (2009), Gao et al. (2011) and
Chen et al. (2013); (c) Data for the Dunhuang Block from this study, Zhang et al.
(2013a) and Zong et al. (2013); (d) Data for the northern Tarim Craton from Long et al.
(2010, 2011a).
427X. Long et al. / Lithos 200–201 (2014) 418–4312010, 2011a). We therefore tentatively suggest that the Dunhuang
and Kuluketage blocks probably became parts of the TC in the late
Neoarchean.
6.3. Afﬁnity of the Dunhuang Block: part of the TC or western extension of
the NCC?
The Dunhuang Blockwas previously considered to constitute a small
Precambrian block with Archean basement and was assigned to the
easternmost segment of the TC (BGMRX, 1993; Lu and Yuan, 2003; Lu
et al., 2008b). The geochronology, including our new ages, is summa-
rized in Table 2. In addition, a ~2.5 Gametamorphic eventwas identiﬁed
by ages for metamorphic zircon rims in tonalitic gneisses, and some
~1.8 Ga maﬁc granulites were also discovered in the central Dunhuang
Block (He et al., 2012; Zhang et al., 2012c; Zhang et al., 2013a). Consid-
ering the broadly contemporaneousmagmatic andmetamorphic events
recognized in both the Dunhuang Block and the NCC, Zhang et al.
(2013a) proposed that the Dunhuang Block is the western extension
of the Alxa Block of the NCC as a result from displacement along the
Altyn Tagh fault (Zhang et al., 2013a, 2013b, and references therein).
Published data suggest thatNeoarcheanmagmatic rocks and ~1.8 Ga
regional metamorphism also occurred in the northern and southern TC
(He et al., 2012; Long et al., 2012; Shu et al., 2011; Zhang et al., 2007a,
2012a, 2012b, 2012c; Zhang et al., 2013a). Based on the calculation of
Hf crustal model ages, our recent study of igneous zircons fromNeoarchean and early Paleoproterozoic orthogneisses in the northern
TC suggests that this area experienced two periods of crustal growth
in the Mesoarchean (2.9–3.3 Ga) and Neoarchean (2.5–2.7 Ga) with
two age peaks at 3.18 and 2.61 Ga, respectively (Long et al., 2010).
Compared with crustal growth events in the NCC and YC as recorded
by limited data at that time, Long et al. (2010, 2011a) suggested that
the northern TC had a different crustal history from that of the other
two cratons.
In order to discriminate the early crustal growth histories in the
three Chinese cratons, published Hf crustal model ages for magmatic
zircons from Archean TTG gneisses and other meta-igneous rocks of
each craton have been calculated using same 176Lu/177Hf ratio (0.015
for the average continental crust, Grifﬁn et al., 2002) and compiled in
Fig. 8 (data from Chen et al., 2006, 2013; Diwu et al., 2007, 2011; Gao
et al., 2011; Guo et al., 2008; Jiang et al., 2010; Jiao et al., 2009; Liu
et al., 2008a; Liu et al., 2009, 2013; Long et al., 2010, 2011a; Wan
et al., 2007; Wang et al., 2012; Wu et al., 2008; Yang et al., 2008;
Zhang et al., 2006; Zong et al., 2013). This new data set indicates that
the NCC experienced several periods of crustal growth in the Archean
(Fig. 8a). The earliest growth occurred in the Eoarchean with the oldest
age peak at 3.95 Ga, followed by peaks at 3.76 and 3.49 Ga. The most
428 X. Long et al. / Lithos 200–201 (2014) 418–431pronounced crustal growth appears to have occurred during themiddle
Mesoarchean to Neoarchean, culminating in a pronounced age peak at
2.84 Ga. This is also supported by recent reviews of detrital zircon
ages from the NCC (Geng et al., 2012; Wang and Liu, 2012, and refer-
ences therein). The corresponding histogram for the YC is much differ-
ent (Fig. 8b) and shows that crustal growth was quasi-continuous
during the Eoarchean to Mesoarchean, with age peaks at 3.51 and
3.05 Ga. Therefore, the start of crust formation in the NCC and YC clearly
predates that in the Dunhuang Block, based on the limited data for the
latter (Fig. 8c). The main Archean crust-formation age peaks and the
lack of Eoarchean crust in the Dunhuang Block are different from
those in the NCC and YC, but consistent with those in the northern TC
(Fig. 8d). Therefore, we emphasize that the Dunhuang Block was
already a part of the TC in the Archean and is not a western extension
of the Alxa Block of the NCC.
7. Conclusions
(1) Tonalitic melanosome of the banded gneisses in the northern
Altyn Tagh formed approximately at 2.7–2.8 Ga and was intrud-
ed by 2.51–2.53 Ga granitic leucosome.
(2) The metadiorite was possibly generated by partial melting of
slab-melt metasomatized mantle peridotite at the binging of
Paleoproterozoic.
(3) The Dunhuang Block experienced two important periods of crust-
al growth in the Paleoarchean (3.1–3.5 Ga) and Mesoarchean
(2.7–2.9 Ga), respectively.
(4) The proto-crust of the Dunhuang Block was reworked at ~2.7 Ga
and ~2.5 Ga. It correlated with an older basement in the TC and
is probably not related to the NCC.
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Appendix A. Analytical methods
A.1. Whole-rock geochemistry
Major element oxides (wt. %) were determined on fused glass disks
with a 1:8 sample to Li2B4O7 ﬂux ratio, using a Rigaku ZSX100e X-ray
ﬂuorescence spectrometer in the Key Laboratory of IsotopeGeochronol-
ogy and Geochemistry, Guangzhou Institute of Geochemistry. The accu-
racy of the XRF analyses is within 1% for most major elements. Trace
elements, including rare earth elements (REE), were analyzed on a
Perkin-Elmer Sciex ELAN 6000 ICP-MS in the Guangzhou Institute of
Geochemistry. Powdered samples (50 mg) were digested with mixed
HNO3 + HF acid in steel-bomb coated Teﬂon beakers for two days in
order to assure complete dissolution of the refractory minerals. An
internal standard solution containing the element Rh was used to
monitor signal drift. USGS rock standards G-2, W-2, MRG-1 and AGV-1
and Chinese national rock standards GSD-12, GSR-1, GSR-2 and GSR-3
were used to calibrate elemental concentrations of the measured sam-
ples. Sample preparation techniques and other details were described
by Li et al. (2002) and Long et al. (2008). Analytical precision for trace
elements was generally better than 5%. The geochemical data are
presented in Table 1.A.2. Zircon dating and Hf-in-zircon isotopic analysis
Zircons were separated using heavy liquid and magnetic techniques
and then handpicked under a binocular microscope. Zircon grains were
mounted on adhesive tape, then enclosed in epoxy resin and polished to
about half their thickness. In order to observe the internal structure of
the polished zircons, cathodoluminescence (CL) imaging for sample
XILP01 was performed in the Beijing SHRIMP Center using a Hitachi S-
3000N scanning electron microscope (accelerating voltage 10 kV,
beam current 109 mA), whereas CL imaging for other samples was
carried out using a JXA-8100 Electron Probe Microanalyzer with a
Mono CL3 Cathodoluminescence System in the Guangzhou Institute of
Geochemistry.A.2.1. Zircon dating
The zircon analyses of sample XILP01were performedusing the Sen-
sitive High-Resolution Ion Microprobe (SHRIMP II) in the Beijing
SHRIMP Center, Institute of Geology, Chinese Academy of Geological
Sciences, whose instrumental characteristics were described by De
Laeter and Kennedy (1998). The analytical procedures were outlined
in Compston et al. (1992) and Williams (1998). Prior to each analysis,
the surface of the analysis sitewas precleaned by rastering of the prima-
ry beam for 2–3 min, to reduce or eliminate surface common Pb. The
reduced 206Pb/238U ratios were normalized to 0.09432, which is equiv-
alent to the adopted age of 564Ma for CZ3. Pb/U ratios in the unknown
samples were corrected using the ln(Pb/U)/ln(UO/U) relationship as
measured in standard CZ3 and as outlined in Nelson (1997). For data
collection, six scans through the critical mass rangeweremade. Primary
beam intensity was between 4 and 6 nA, and a Köhler aperture of
100 μm diameter was used, giving a slightly elliptical spot size of
about 30 μm. Peak resolution at 1% peak height was about 5000, en-
abling clear separation of the 208Pb-peak from the HfO peak. Sensitivity
was about 20 cps/ppm/nA Pb on the standard CZ3. Analyses of samples
and standards were alternated to allow assessment of Pb+/U+ discrim-
ination. The 1-sigma error of the 206Pb/238U ratio during analysis of all
standard zircons during this study was between 0.7 and 1.2%. Raw
data reduction and error assessment followed the method described
by Nelson (1997). Common-Pb corrections were applied using the
204Pb-correction method. Because of very low counts on 204Pb in most
samples it was assumed that common lead is surface-related (Kinny,
1986), and therefore the isotopic composition of Broken Hill lead was
used for correction. Errors of individual analyses are given at the 1-
sigma level and are based on counting statistics and include the uncer-
tainty in the U/Pb age of the standard, added in quadrature (Nelson,
1997). The data are graphically presented on conventional concordia
diagrams.
Zircon dating of other samples was performed by LA-ICPMS in the
State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of
Geochemistry. Sample mounts were placed in a sample cell designed
by Laurin Technic Pty. Ltd, ﬂushed with Ar and He. Laser ablation was
accomplished using a pulsed Resonetic 193 nmArF excimer laser, oper-
ated at a constant energy of 80 mJ, with a repetition rate of 8 Hz and a
spot diameter of 31 μm. The ablated aerosol was carried to an Agilent
7500a ICP-MS by He gas via a Squid system to smooth signals.
Data were acquired for 30 s with the laser off and 40 s with the laser
on, giving approximate 100mass scans. NIST SRM610 glass and Temora
zircon standards were used as external standards. Each block of 5 un-
knowns was bracketed by analyses of standards. Off-line inspection
and integration of background and analysis signals, and time-drift cor-
rection and quantitative calibration for trace element analyses and U–
Pb dating were performed using ICPMSDataCal (Liu et al., 2008b). Age
calculation and concordia plots were performed using Isoplot/Ex 3.0
(Ludwig, 2003). The detailed analytical technique was described by
Li et al. (2011). The analytical results are presented in Supplementary
Table 1.
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Zircon Lu–Hf isotope analyseswere performed using aNu PlasmaHR
MC-ICP-MS (Nu Instruments, UK), coupled to a 193 nm excimer laser
ablation system (RESOlution M-50, Resonetics LLC, USA), installed in
the Department of Earth Sciences, University of Hong Kong. Hf isotopic
datawere acquired by ablating 55 μm in beamdiameter, and a 6 Hz rep-
etition rate was used. Each analytical spot was subjected to 20 ablation
cycles, resulting in pits 30–40 μmdeep. Atomic masses 172 to 179were
simultaneously measured in static-collection mode. The measured iso-
topic ratios of 176Hf/177Hf were normalized to 179Hf/177Hf = 0.7325,
using an exponential correction for mass bias. The in-situ measured
173Yb/172Yb ratio was used for mass bias correction for both Yb and Lu
because of their similar physicochemical properties. Ratios used for
the corrections were 0.5886 for 176Yb/172Yb (Chu et al., 2002) and
0.02655 for 176Lu/175Lu (Machado and Simonetti, 2001). External cor-
rections were applied to all unknowns, and standard zircons 91500
and GJ were used as external standards andwere analyzed twice before
and after every 10 analyses. The measured 176Lu/177Hf ratios and the
176Lu decay constant of 1.867 × 10−11a−1 reported by Söderlund et al.
(2004) were used to calculate initial 176Hf/177Hf ratios. Chondritic
values of 176Hf/177Hf = 0.0336 and 176Lu/177Hf = 0.282785 reported
by Bouvier et al. (2008) were used for the calculation of εHf(t) values.
The depleted mantle line is deﬁned by present-day 176Hf/177Hf =
0.28325 and 176Lu/177Hf= 0.0384 (Grifﬁn et al., 2004). Because zircons
are generally formed in granitic magma derived from felsic crust, two-
stage “crustal” model ages (TDMc) are more meaningful than depleted
mantle model ages and are used here. The mean 176Lu/177Hf ratio of
0.015 for the average continental crust (Grifﬁn et al., 2002) was used
to calculate TDM2. The Lu–Hf isotopic data are listed in Supplementary
Table 2.Appendix B. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2014.05.008.References
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